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Abstract. We present a study of beryllium (Be) abundances in a large sample of field solar-type dwarfs and sub-giants 
spanning a large range of effective temperatures. The Be abundances, computed using a very uniform set of stellar parameters 
and near-UV spectra obtained with 3 different instruments, are used to study the depletion of this light element. The analysis 
shows that Be is severely depleted for F stars, as expected by the light-element depletion models. However, we also show that 
Beryllium abundances decrease with decreasing temperature for stars cooler than ~6000 K, a result that cannot be explained 
by current theoretical models including rotational mixing, but that is, at least in part, expected from the models that take into 
account internal wave physics. In particular, the light element abundances of the coolest and youngest stars in our sample 
suggest that Be, as well as lithium (Li), has already been burned early during their evolution. Furthermore, we find strong 
evidence for the existence of a Be-gap for solar-temperature stars. The analysis of Li and Be abundances in the sub-giants of 
our sample also shows the presence of one case that has still detectable amounts of Li, while Be is severely depleted. Finally, 
we compare the derived Be abundances with Li abundances derived using the same set of stellar parameters. This gives us the 
possibility to explore the temperatures for which the onset of Li and Be depletion occurs. 
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1 . Introduction the Li6708A line). On the other hand, the only available Be 

features (Be ll) are located near the atmospheric near-UV cut- 

The light elements lithium (Li), beryllium (Be), and boron (B) ^^-^^ ground-based telescopes to measure Be abundances 

are important tracers of the internal stellar structure and kine- ^^^^ ^ ^-^^^^ ^^^^ ^-^^^^-^^ g ^^^^ ^^^^^^ 

matics. Since they are destroyed at relatively low temperatures, ^^^^ ^-^^ instruments in space is it possible to obtain the 

they give us an idea about how the material inside stars is mixed abundances for this element. It is important, however, to com- 

with the hotter interior. Their analysis, together or separately, pj^^^^^^ ^i studies with analysis of Be and (if possible) 

can thus give us important information about the mixing and g solar-type stars. These three elements are destroyed by 

depletion processes. (p,a)-reactions at different temperatures (about 2.5, 3.5, and 

Most studies of light elements in solar-type stars have been 5 qx lO^ K, for Li, Be and B, respectively). Their abundances 

based on Li abundances. This is mostly because Li features ^^us help us to probe different regions (depths) inside a 

are easier to measure from high-resolution optical spectra (e.g. solar-type star 
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stell ar medium, while it is burned in t he hot stellar furnaces 



* Based on observations collected with the VLT/UT2 Kueyen tele- , II1 nn/il In I I TIli nn-A c- ■» • u j 4. 

,™ ^. .. . , (e.g. I Reevea 19941 Ramatv et alJ 19971^ . Since it is burned at 

scope (Paranal Observatory, ESO, Chile) using the UVES spectro- ^ ® , , . . ' ^ ' " . J . , , , 

graph (Observing runs 66.C-01 16 A, 66.D-0284 A, and 68.C-0058 A), '"^'^'^ temperatures than Li, Be is depleted at lower 

and with the William Herschel and Nordic Optical Telescopes, op- ""^te^' ^"^^ *us we can expect to measure Be abundances 

erated at the island of La Palma by the Isaac Newton Group and ^ stars which have no detectable Li in their atmospheres 

jointly by Denmark, Finland, Iceland, and Norway, respectively, in (like intermediate-age late G- or K-type dwarfs). In fact, for 

the Spanish Observatorio del RoquedelosMuchachos of the Instituto about 50% of the known pl anet host stars no Li was de- 

de Astroffsica de Canarias. tected (e.g. llsraehan et al Furthermore, Li studies have 
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Table 1. Derived Be abundances (BD and HD numbers up to 80000). 



Star 


Tcff 


log Qspec 


6 


[Fe/H] 


log7V(Be) 


cr(Be) 


Instr.^ 


S/N 


V sini 


source^ ^ 


log7V(Li) 




[K] 


[cm s^"^] 


[kms^^] 












[kms^^] 






Sun* 


5777 


4.44 


1.00 


0.00 


1.10 


0.05 


- 


- 


1.9 


(e) 


1.10 


BD-103166 


5320 


4.38 


0.85 


0.33 


< 0.50 




[2] 


20 


1.58 


(a) 


- 


HD 870 


5447 


4.57 


1.13 


-0.07 


0.80 


0.15 


[1] 


130 


1.77 


(a) 


<0.20 


HD 1461 


5768 


4.37 


1.27 


0.17 


1.14 


0.13 


[1] 


120 


1.71 


(a) 


<0.51 


HD 1581 


5956 


4.39 


1.07 


-0.14 


1.15 


0.11 


[1] 


140 


2.16 


(a) 


2.37 


HD 3823 


5948 


4.06 


1.17 


-0.25 


1.02 


0.12 


[1] 


130 


1.99 


(a) 


2.41 


HD 4391 


5878 


4.74 


1.13 


-0.03 


0.64 


0.11 


[3] 


150 


2.72 


(a) 


< 1.09 


HD 6434 


5835 


4.60 


1.53 


-0.52 


1.08 


0.10 


[3] 


150 


1.30 


(a) 


<0.85 


HD 7570 


6140 


4.39 


1.50 


0.18 


1.17 


0.10 


[3] 


180 


3.82 


(a) 


2.91 


HD 9826 


6212 


4.26 


1.69 


0.13 


1.05 


0.13 


[6] 


120 


9 


(b) 


2.55 


HD 10647 


6143 


4.48 


1.40 


-0.03 


1.19 


0.10 


[3] 


150 


4.87 


(a) 


2.80 


HD 10697 


5641 


4.05 


1.13 


0.14 


1.31 


0.13 


[5] 


40 


- 


- 


1.96 


HD 10700 


5344 


4.57 


0.91 


-0.52 


0.83 


0.11 


[3] 


180 


0.90 


(a) 


<0.41 


HD 12661 


5702 


4.33 


1.05 


0.36 


1.13 


0.13 


[5] 


40 


- 


- 


<0.98 


HD 13445 


5163 


4.52 


0.72 


-0.24 


< 0.40 


- 


[1] 


150 


1.27 


(a) 


<-0.12 


HD 14412 


5368 


4.55 


0.88 


-0.47 


0.80 


0.11 


[3] 


190 


1.42 


(a) 


<0.44 


HD 16141 


5801 


4.22 


1.34 


0.15 


1.17 


0.13 


[1] 


120 


1.95 


(a) 


1.11 


HD 17051 


6252 


4.61 


1.18 


0.26 


1.03 


0.13 


[1] 


150 


5.38 


(a) 


2.66 


HD 19994 


6190 


4.19 


1.54 


0.24 


0.93 


0.12 


[3] 


140 


8.10 


(a) 


1.99 


HD 20010 


6275 


4.40 


2.41 


-0.19 


1.01 


0.10 


[3] 


180 


4.63 


(a) 


2.13 


HD 20766 


5733 


4.55 


1.09 


-0.21 


<-0.09 


- 


[3] 


200 


1.98 


(a) 


<0.97 


HD 20794 


5444 


4.47 


0.98 


-0.38 


0.91 


0.11 


[3] 


250 


0.52 


(a) 


<0.52 


HD 20807 


5843 


4.47 


1.17 


-0.23 


0.36 


0.11 


[3] 


160 


1.74 


(a) 


< 1.07 


HD 22049 


5073 


4.43 


1.05 


-0.13 


0.80 


0.13 


[5] 


100 


2.13 


(a) 


<0.25 


HD 22049 


5073 


4.43 


1.05 


-0.13 


0.75 


0.31 


[3] 


200 


2.13 


(a) 


<0.25 


HD 22049 


5073 


4.43 


1.05 


-0.13 


0.77 


- 


avg 


- 


2.13 


(a) 


<0.25 


HD 23249 


5074 


3.77 


1.08 


0.13 


< 0.15 




[5] 


80 


1.01 


(a) 


1.24 


HD 23484 


5176 


4.41 


1.03 


0.06 


< 0.70 


- 


[3] 


140 


2.40 


(a) 


<0.40 


HD 26965 


5126 


4.51 


0.60 


-0.31 


0.76 


0.13 


[5] 


55 


0.77 


(a) 


<0.17 


HD 27442 


4825 


3.55 


1.18 


0.39 


< 0.30 


- 


[3] 


110 


~0 


(a) 


<-0.47 


HD 30495 


5868 


4.55 


1.24 


0.02 


1.16 


0.11 


[3] 


140 


3.04 


(a) 


2.44 


HD 36435 


5479 


4.61 


1.12 


0.00 


0.99 


0.12 


[3] 


210 


4.58 


(a) 


1.67 


HD 38529 


5674 


3.94 


1.38 


0.40 


<-0.10 


- 


[2] 


60 


- 


- 


<0.61 


HD 38858 


5752 


4.53 


1.26 


-0.23 


1.02 


0.11 


[3] 


150 


0.99 


(a) 


1.64 


HD 43162 


5633 


4.48 


1.24 


-0.01 


1.08 


0.11 


[3] 


160 


5.49 


(a) 


2.34 


HD 43834 


5594 


4.41 


1.05 


0.10 


0.94 


0.11 


[3] 


220 


1.44 


(a) 


2.30 


HD 46375 


5268 


4.41 


0.97 


0.20 


< 0.80 




[3] 


90 






<-0.02 


HD 52265 


6103 


4.28 


1.36 


0.23 


1.25 


0.11 


[1] 


120 


3.95 


(a) 


2.88 


HD 69830 


5410 


4.38 


0.89 


-0.03 


0.79 


0.11 


[3] 


100 


0.75 


(a) 


<0.47 


HD 72673 


5242 


4.50 


0.69 


-0.37 


0.70 


0.13 


[3] 


180 


1.19 


(a) 


<0.48 


HD 74576 


5000 


4.55 


1.07 


-0.03 


0.70 


0.31 


[3] 


120 


3.56 


(a) 


1.72 


HD 75289 


6143 


4.42 


1.53 


0.28 


1.38 


0.10 


[2] 


30 


3.81 


(a) 


2.85 


HD 75289 


6143 


4.42 


1.53 


0.28 


1.33 


0.12 


[1] 


110 


3.81 


(a) 


2.85 


HD 75289 


6143 


4.42 


1.53 


0.28 


1.36 




avg 


110 


3.81 


(a) 


2.85 


HD 76151 


5803 


4.50 


1.02 


0.14 


1.02 


0.11 


[3] 


110 


1.02 


(a) 


1.88 



+ The instruments used to obtain the spectra were: [1] UVES(A); [2] UVES(B); [3] UVES^); [41IACUB(A); [51 lACUB(B); [6] UES 
tt The sources o f the v sini are: (a) CORALIE I Santos et al. 2002b); (b) Gonzalez 1 19^; (c)l^nzalez ( 1993); (d)|Naef et al. (2004); (e) 
ISoderblomH 19821) 

* The solar Be ab undance was computed using the Kurucz Solar Atlas fcurucz et alJll984l) ; the solar Li abundance was taken from 
iGrevesse & Sauva]| fl998). 



shown the presence of a significant scatter not only among 
field stars (£asQuini et a l. 1994). but also among coeval stars in 
open clusters ( Soderbl om et alJl993llGarcfa Lopez et al J 199-4 
IPasQuini et alJil997t iRandich et alJll998t Ijones et alJ ll99^. 
More specifically, a spread is seen among K-type stars in young 
clusters; this dispersion appears to be related to rotation or rota- 



tional history. A dispersion is also seen among solar-type stars 
in the solar age cluster M67; the reasons for this dispersion are 
still unknown. Als o note that the disper sion is not observed for 
other old clusters ( Randich et al. "2003V The presence of a dis- 
persion at a given age can indeed complicate any study. 
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Table 2. Derived Be abundances (HD numbers from 80000 on). 



Star 


Tcff 
[K] 


log gspec 

[cms~^] 


[kms-i] 


[Fe/H] 


logiV(Be) 


a{Be) 


Instr.^ 


S/N 


V sini 
[kms-i] 


source 


log N{Li) 


HD 82943 


6016 


4.46 


1.13 


0.30 


1.37 


0.17 


[4] 


20 


1.65 


(a) 


2.51 


HD 82943 


6016 


4.46 


1.13 


0.30 


1.27 


0.12 


[2] 


35 


1.65 


(a) 


2.51 


HD 82943 


6016 


4.46 


1.13 


0.30 


1.27 


0.12 


[1] 


140 


1.65 


(a) 


2.51 


HD 82943** 


6016 


4.46 


1.13 


0.30 


1.27 


- 


avg 


140 


1.65 


(a) 


2.51 


HD 83443 


5454 


4.33 


1.08 


0.35 


< 0.70 




[3] 


100 


1.38 


(a) 


<0.52 


HD 84117 


6167 


4.35 


1.42 


-0.03 


1.11 


0.11 


[3] 


160 


4.85 


(a) 


2.64 


HD 92788 


5821 


4.45 


1.16 


0.32 


1.19 


0.11 


[2] 


40 


1.78 


(a) 


1.34 


HD 95128 


5954 


4.44 


1.30 


0.06 


1.23 


0.11 


[4] 


100 


2.1 


(c) 


1.83 


HD 108147 


6248 


4.49 


1.35 


0.20 


0.99 


0.10 


[2] 


60 


5.34 


(a) 


2.33 


HD 114762 


5884 


4.22 


1.31 


-0.70 


0.82 


0.11 


[4] 


65 


1.5 


(c) 


2.20 


HD 117176 


5560 


4.07 


1.18 


-0.06 


0.86 


0.13 


[4] 


70 


0.5 


(c) 


1.88 


HD 120136 


6339 


4.19 


1.70 


0.23 


< 0.25 


- 


[6] 


90 


14.5 


(b) 


- 


HD 121504 


6075 


4.64 


1.31 


0.16 


1.33 


0.11 


[2] 


45 


2.56 


(a) 


2.65 


HD 130322 


5392 


4.48 


0.85 


0.03 


0.95 


0.13 


[4] 


35 


1.47 


(a) 


<0.13 


HD 134987 


5776 


4.36 


1.09 


0.30 


1.22 


0.11 


[2] 


60 


2.22 


(a) 


<0.74 


HD 143761 


5853 


4.41 


1.35 


-0.21 


1.11 


0.12 


[6] 


120 


1.5 


(c) 


1.46 


HD 145675 


5311 


4.42 


0.92 


0.43 


< 0.65 


- 


[4] 


65 


1 


(d) 


<0.03 


HD 168443 


5617 


4.22 


1.21 


0.06 


1.11 


0.13 


[4] 


55 


1.68 


(a) 


<0.78 


HD 169830 


6299 


4.10 


1.42 


0.21 


<-0.40 


- 


[3] 


130 


3.35 


(a) 


< 1.16 


HD 179949 


6260 


4.43 


1.41 


0.22 


1.08 


0.10 


[3] 


100 


6.10 


(a) 


2.65 


HD 187123 


5845 


4.42 


1.10 


0.13 


1.08 


0.12 


[4] 


55 


1.73 


(d) 


1.21 


HD 189567 


5765 


4.52 


1.22 


-0.23 


1.06 


0.10 


[3] 


160 


1.29 


(a) 


<0.82 


HD 192263 


4947 


4.51 


0.86 


-0.02 


< 0.90 


- 


[3] 


60 


2.02 


(a) 


<-0.39 


HD 192310 


5069 


4.38 


0.79 


-0.01 


< 0.60 




[3] 


180 


0.85 


(a) 


< 0.20 


HD 195019 


5842 


4.32 


1.27 


0.08 


1.15 


0.12 


[4] 


50 


1.73 


(a) 


1.47 


HD 202206 


5752 


4.50 


1.01 


0.35 


1.04 


0.11 


[3] 


130 


2.44 


(a) 


1.04 


HD 209458 


6117 


4.48 


1.40 


0.02 


1.24 


0.11 


[3] 


150 


3.65 


(a) 


2.70 


HD 210277 


5532 


4.29 


1.04 


0.19 


0.91 


0.13 


[1] 


110 


1.39 


(a) 


<0.30 


HD211415 


5890 


4.51 


1.12 


-0.17 


1.12 


0.10 


[3] 


190 


1.84 


(a) 


1.92 


HD 217014 


5804 


4.42 


1.20 


0.20 


1.02 


0.12 


[6] 


100 


2.1 


(c) 


1.30 


HD 217107 


5646 


4.31 


1.06 


0.37 


0.96 


0.13 


[1] 


120 


1.37 


(a) 


<0.40 


HD 222335 


5260 


4.45 


0.92 


-0.16 


0.66 


0.22 


[1] 


110 


1.25 


(a) 


<0.31 


HD 222582 


5843 


4.45 


1.03 


0.05 


1.14 


0.11 


[3] 


125 


1.75 


(a) 


<0.59 



t The instruments used to obtain the spectra wer e: [1] UV ES(A); [2] UVES(B); [3] UVES(C); [4] lACUB(A); [5] l ACUB(B); [6] UE S 
The sources of the v sini are: (a) CORALIE iSantos et al. 2002b); (b) Gonzalez ( 1997); fcl lCionzalezI Jl998li : Cdl lNaef et all j2004h 
** Given the lower S/N of the lACUB spectrum, only the UVES spectra were considered. 



In a companion paper to this - ISantos et alJ ll2004al) . here- 
after Paper A - we present a study of Be in a set of field stars 
known to harbor planetary mass companions, as well as in a 
comparison set of "single" stars. The main result of that pa- 
per is that the differences between the two groups of stars are 
very small, if any. In the current paper we use the same sample 
studied in Paper A to explore the Be depletion throughout the 
main-sequence and sub-giant branch. The results reveal some 
interest ing and un expected features. First, we confirm former 
results dSantos et al. 2002a) supporting that lower-temperature 
dwarfs burn Be more easily than their higher temperature coun- 
terparts. Be abundances seem to follow a trend similar to the 
one found for Li. We further show that there seems to exist a 
Be-dip for some solar-temperature dwarfs, and report on some 
sub-giants that have no measurable Be in their atmospheres, 
though one of them has detectable amounts of Li. Finally, Li 
and Be abundances for the same stars are compared, giving us 
the possibility to determine the temperature at which the onset 
of Li and Be depletion occurs. 



2. The data, stellar parameters, and chemical 
analysis 

The data used in this paper has already been fully described 
in Paper A. We refer to this for more details on the spectro- 
graphs/telescopes used, S/N and resolution of the spectra, and 
for data-reduction details. 

Except for BD -103166 ("G onzalez et"ai] l200ll) . all the 
stellar parame ters were tak en from the fully spectroscopic uni- 
form study of ISantos et alJ (|2004b), or derived using the same 
techique. Given that these parameters have been obtained using 
the same technique for all our stars, this gives us an important 
guarantee of uniformity in the analysis. 

The Be abundances were then derived by fitting the spec- 
tral region around the Be II fines at 3130.420 and 3131.065 A. 
In practice, only the latter line was used to derive the Be abun- 
dances, given the severe line-blending in the region around 
3 130.42 A; the bluest line was thus only used to check the con- 
sistency of the fit. The analysis was d one ass uming LTE, using 
the 2002 version of the code MOOG ( ISnederlil973.) . and a grid 
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Fig. 1. Spectral syntheses (continuous lines) and observed spectra (points) in the Be II line region for 4 of the hottest dwarfs in 
our sample. In all panels the upper and lower syntheses were done with a log A^(i?e) of 1.42 (meteoritic) and —10.0 (essentially 
no Be), respectively. The three intermediate syntheses for all stars except HD 169830 correspond to the optimal fit and to fits 
with abundance variations of ±0.15dex. For HD 169830, these correspond to abundances of 1.15, 0.65, and — 0.35dex. Stellar 
effective temperatures are also shown. 



of'KuruczVl993') ATL AS9 atmospheres. T he line list used was 
described in .Garcfa Lopez & Perez de Taoro ( 1998). The final 
precision of the abundance results is of the order of 0.15 dex. 
The Be abundance we have obtained from an analysis of the 
Kurucz Solar Atlas dKurucz et al.. 1984) is 1.10, c lose to the 
value of 1 . 1 5 obtained bv lChmie'lewskiet alJ (1 19751) . Again, for 
more details we point the reader to Paper A. 



Finally, the Li abundances a r e a r evised version of the 
values derived in llsraehan et al.l (12004) . and the values of 
V sini were taken, in most of the cases, from a calibra- 
tio n of the CORALIE cross-correlation function (see appendix 
in ISantos et aL .2002b.) . In the r est of this paper, t he so - 
lar Li abundance was taken from iGrevesse & SauvaJ (Il998l) . 
\ogN{Li)=1.10. 
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Fig. 2. Spectral syntheses (continuous lines) and observed spectra (points) in the Be II line region for 4 solar-temperature dwarfs in 
our sample. In all panels, the upper and lower syntheses were done with a log N (Be) of 1.42 (meteoritic) and —10.0 (essentially 
no Be), respectively. For all stars the three intermediate syntheses correspond to the optimal fit and to fits with abundance 
variations of ±0. 15 dex. 



In Tables[2and|2]we present the final Be abundances, stellar 
parameters, v sini values, and Li abundances. 



3. Be as a function of Teg 

In Fig.|4](upper panel) we plot the derived Be abundances as a 
function of effective temperature for our program stars. In the 
plot, the circles denote dwarfs, while sub-giants are denoted 



with crosses. The Sun is denoted by the usual solar symbol, 
assuming a Be abundance of 1.10 (see Sect.|3- 

Sub-giants were defined as those stars that fall consider- 
ably above the Main-Sequence in the HR diagram of Fig.|5] 
There are 6 of those, namely HD 10647, HD 23249, HD 27442, 
HD 38529, HD 1 17176, and HD 168443. Except for this latter 
star, all the others have surface gravity values below 4. 1 dex 
(HD 168443 has a log g=4.22), attesting to their evolutionary 
status. 




Fig. 3. Spectral syntheses (continuous lines) and observed spectra (points) in the Be II line region for 4 of the coolest dwarfs in 
our sample. In all panels, the upper and lower syntheses were done with a log N{Be) of 1 .42 (meteoritic) and — 10.0 (essentially 
no Be), respectively. For all stars expect HD 22049, the three intermediate syntheses correspond to the optimal fit and to fits with 
abundance variations of ±0.15 dex. For this star, the three intermediate fits were done using Be abundances of 1.05, 0.75 (best 
fit), and 0.25 dex. 



The Be abundances for the sub-giants should be considered 
separately, since their effective temperatures may have changed 
considerably from the value they had when the stars were on 
the main-sequence; extra mixing may already have occurred, 
causing dilution and/or depletion of their light-element con- 
tents. 

A look at Fig.0] (upper panel) shows that the Be abun- 
dances have a maximum near 6100K. Very little, if any. Be 



depletion has occurred for stars of this effective temperature. A 
similar maximum for the Li abundances is found at about the 
same effective temperature (see e.g. Fig.|6j. For higher tem- 
peratures, the values of logA^(i?e) decrease with increasing 
temperature, formi ng the well known Be gap for F stars (e.g. 
iBoeseaard & Kin3 Eo02). a feature that has a counterpart for 
Li. For temperature values lower than ^^6100 K, and except for 
a few outliers, the Be abundances also show a clear but less 
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Fig. 4. Upper panel: Derived Be abundances as a function 
of Tcff. Dots represent dwarfs, while crosses denote sub- 
giants. The Sun is denoted by the usual symbol. Lower panel: 
Same as above, but sup erposing the Be depletion models of 
IPinsonneault et all d 199 0) (Case A) for solar metallicity and an 
age of 1 .7 Gyr (dashed lines). From top to bottom, the lines rep- 
resent a standard model (solid line), and 4 m odels with different 
initial angular momentum (Tables 3 to 6 of 'Pinsonneaul t et all 
Il990l) . The solid line represents the initial Be abundance of 
1.26 (see text). The dotted line represents the Be depletion 
isochrone for 4.5 Gyr taken from the models including mixing 
by internal waves of .Montalban & Schatzman(.200(),) . 

steep decreasing trend with decreasing te mperature. This tren d 
was already mentioned and discussed in ' Santos et al.l ( l2002al) . 
and is similar to that typically found for Li. 

As discussed in Paper A, the maximum seen near 6100K 
may be attributed e.g. to Galactic chemical evolution effects, 
since most of the stars in the temperature interval between 
6000 and 6200 K are particularly metal-rich, and Galactic 
Be abundances are known to increase with the metallic- 



ity 


LRebolo et al. 1988; Boesgaard & King 1993 


Molaro et al. 


1199'^ 


iBoesfaard et al.lll999l). If so. and excluding these ob- 



jects. Be abundances might form a plateau for temperatures 
between ~6000 and 5600 K (see also Sect.0, decreasing with 
decreasing temperature for Tes below ^^5600 K. The cause for 
the observed trend for the lower temperature dwarfs in our sam- 
ple can hardly be attributed to any metallicity effect, however, 
since some very metal-rich stars are present at these low tem- 
peratures. 

Interestingly, this latter result is not confirmed by other 
studies of Be abundances in open clusters F and G d warfs (e.g. 
iBoesgaard & King|l2002t iBoesgaard et"aD 12003 albl) . It should 
be mentioned, however, that in their studies these authors 
have not analyzed stars with temper atures much below 5500 K . 
Furthermore, the stars studied by IBoesgaard &King l (I2OO2I) 



Fig. 5. HR diagram for the stars studied in this paper The 
size of the circles is proportional to the Be abundance. Six of 
the stars (labeled) fall considerably outside the main-sequence, 
and are thus probably sub-giants. Absolute magnitudes were 
computed from Hipparcos parallaxes and V magnitudes (" ESAI 
J,997) . For clarity, no difference is made between stars with Be 
detections and with only an upper Umit. 

and IBoesgaard et alJ ( l2003albl) are considerably younger than 
the "average" field stars in our sample. The fact that we do 
observe a decrease of the Be abundances as a function of de- 
creasing temperature can be seen as evidence that Be is burned 
during the main-sequence evolution of these stars. 

In the lower panel of Fig.|4]we present the same plot but 
now we have superposed on the Be measurements a set of Yale 
beryllium depletion isochrones from lPinsonneault et al ] (ll990l) 
- dashed lines - for solar metallicity and an age of 1.7 Gyr 
(to our knowledge there are no isochrones available for higher 
ages). Given that it is not possible to know what was the ini- 
tial Be abundance for all the targets, we will assume an initial 
log A^(i?e) of 1.26 for all star s, i.e., between Solar (1.10 - see 
Sect.|3 and meteoritic (1.42 - I Anders & Grevessell98^ . 

For temperatures above roughly 5600 K, the 
Pinsonneault et al. (1990) models seem to follow reason- 
ably well the observ ed trends. This confirms the result of 
^Step hens et alJ (Il997l) . who have already shown that these 
models (improved Yale models by Delivannis & Pinsonneault, 
(I1993I) do not show a clear difference) are quite satisfactory 
for stars with 5600K<Tofr<6500K. However, it is also clear 
from the figure that there seems to be a clear discrepancy 
between the model predictions and the observed abundances 
for low er temperature stars. As akeady noted in ISantos et alJ 
ll2002ah . while for these objects we observe a decrease in the 
Be abundance as a function of decreasing temperature, the 
model predictions go in the opposite sense. 
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There are several possibilities for explaining this observed 
inconsistency. One way would be to say that the derived abun- 
dances have some bias as a function of effective temperature. 
However, and as we can see from the plots of Fig.|3l our syn- 
thetic spectra seem to fit quite well the whole Be-line region 
for the lower temperature stars in our samples. Although we 
consider it quite unlikely that errors in the spectroscopic anal- 
ysis are causing the whole observed trend, we should mention 
that th e Be II line region is very crowded. iGarcia Lopez et all 
studied in detail the sensitivity of the observed feature 
at A 3131 A to Be abundance for low-mass stars. For effec- 
tive temperatures below ^5 1 00 K the feature starts to be domi- 
nated by the contribution of another element (likely Mn l). This 
makes it difficult to determine accurate Be abundances for the 
coolest stars of our sample. 

As akeady pointed out in Paper A, the usefulness of the 
Be II line for deriving Be abundances will thus decrease with 
temperature to a point where it will be useless. However, the 
exact temperature at which this occurs will depend on the res- 
olution and signal-to-noise ratio of the observed spectra. Even 
if the observed feature is not dominated by the Be transition, it 
is possible to obtain a reliable Be measurement by fitting syn- 
thetic spectra with different Be abundances, as long as the S/N 
of the data is high enough. 

In our case, the increasing dispersion observed for Be abun- 
dances of stars with temperature below ^5400 K possibly re- 
flects the increasing difficulty in deriving the Be abundances for 
the lowest temperature stars, although a real "physical" reason 
cannot be completely excluded. However, it should be men- 
tioned that the decreasing trend of Be abundances as a function 
of decreasing Toff starts already for temperature values only 
~ 1 50 K below the solar temperature (for which the line list was 
built). This makes very unlikely that the observed trend may be 
attributed to errors in the spectroscopic analysis only. 

In this sense, one other possible source of error could arise 
fro m the presence of a "rnissing near-UV opacity", as discussed 
bv 'Bala chandran & Belli lll998l) . something that we have not 
considered. Ho wever, the need to include t h is extr a opacity is 
not established. lAUende Prieto & LambertI (l2000l) . for exam- 
ple, have shown that it is possible to make a good fit of the 
solar spectrum without taking into account t his extra-op acity. 
Furthe rmore, the problem discussed bv iBalachandran & Bell 
refers to the solar case, and has not been discussed for 
other temperature regimes. 

Another possibility for explaining the observed trend would 
be to consider that this has something to do with the presence 
of planets. Indeed, about one half of the stars in our sample 
are planet-hosts. If stellar pollution is very important among 
these objects, we could probably expect earlier-type dwarfs to 
present higher Be abundances, given that they have shallower 
convective envelopes. However, and as discussed in Paper A, 
there does not seem to be a large difference in the Be content 
of stars with and without known giant planets. We thus have 
no reason to believe that the presence of planets is causing 
the observed inconsistency. Curiously, llsraelian et alJ ( l2004l) 
have shown that in the temperature interval between 5600 and 
5850 K planet hosts are Li deficient when compared with field 
dwarfs. However, both samples do present the same Be trend 



as a function of Tcff (see Paper A). In other words, the differ- 
ence noticed for Li is aparentely not found for Be. We should 
mention, however, that the relatively low number of points may 
pre clude a firme r conclusion. 

iMurrav etal. ( 201)1) have suggested that the stars in the 
solar neighborhood have accreted an average of ^0.5 Mq, a 
value compatible with the upper limit found for the Hyades 
cluster by Ouillen ( .2002.) . This small amount of material, 
which would pollute more efficiently the hottest stars in our 
sample (these have shallower convective envelopes) is, how- 
ever, probably not enough to explain the observed increasing 
trend. 

It has been shown by ISwenson et alJ ([1994') that even a 
small change in the oxygen abundance may have a strong ef- 
fect on the Li depletion rate in solar-type stars. This effect is 
due to the change of the depth of the convective envelope in- 
duced by the change of the global opacity. Although we do not 
have oxygen abundances for our targets, they are spread over 
a wide range of metallicities. It is thus not very likely that the 
observed inconsistency is due to suc h an effect. 

Int erestingly, the models of iMontalban & SchatzmanI 
flood), which include mixing by internal waves (dotted line' in 
Figure^, could solve at least part of the problem, since they do 
predict an increasing Be depletion as a function of decreasing 
temperature (see also their Fig. 4). While this model still over- 
estimates the Be abundances for the cooler stars in our sample , 
it fits our data much better than the IPinsonneault et all lll990l) 
models do. 

4. A Be gap for solar-temperature dwarfs 

In Fig.|6| (upper panel) we present the same plot of Fig.|3 but 
highlighting a small group of solar-temperature stars that seem 
to present abnormally low Be abundances, falling completely 
outside of the main trend. The spectral syntheses for four of 
these stars are presented in Fig.0 and for the remaining in 
Fig.m These objects, all in the temperature regime between 
roughly 5600 K and 5900 K, lie in some kind of Be-gap, simi- 
lar to th e one suggested to exist for Li in the sa me temperature 
regime jPasauini et a l." 1994:' chen et alJ200ll) . 

To understand the situation it is important to check the 
nature of these particular stars. Four of them (HD4391, 
HD 20766, HD 20807, and HD 114762) are dwarfs, while 
HD 38529 is one of the most evolved stars in our sample, being 
already in the sub-giant regime (see Tables^andlJJ- This latter 
case will be discussed in the next section. 

As mentioned in Paper A, HD4391, HD 20766, and 
HD 20807 are not known to harbor any planetary-mass com- 
panion. HD 1 14762 and HD 38529, on the other hand, do have 
low mass companions in orbit. 

We have estimated the ages of HD4391, HD 20766, and 
HD 20807 from their c hromospheric activit y (derived from 
Ca II H and K lines - IVaughan etd]|l978l). Valu es for the 
Mount- Wilson S index were taken from lHenrv et alJ (E996) and 
fr om an analysis of the CORALIE spectra, a process described 
in ISantos et alJ ( I2OOOI) . Given the similarity of the values, we 

' The curve was taken directly from their Fig. 4. 




Fig. 7. Spectral syntheses (continuous lines) and observed spectra (points) in the Be II line region for four stars discussed in 
Sect.|3 In all panels, the upper and lower syntheses were done with a log N{Be) of 1 .42 (meteoritic) and — 10.0 (essentially no 
Be), respectively. The three intermediate syntheses for all but HD 20766 correspond to the optimal fit and to fits with abundance 
variations of ±0.15 dex. For this particular star, the three intermediate syntheses were done with Be abundances of 0.50, 0.20, 
and -0.10. 



have decided to take the average Smw value for each star to 
compute the stellar age. This latter was derived fro m the cali- 
bratio n presented in iHenrv et al.l ( 1 19961) (taken from lDonahud 
I1993I) . The knowledge of the S index also gives us the possi- 
bility to access the rotational period of the stars (Noves et al.. 
Il984l) . The results are summarized in Table|3] 

An inspection of Table|3 shows that all these stars seem to 
have very similar ages, rotation periods, as well as projected 



rotational velocities. Furthermore, and as can be seen from 
Table[2 their metallicities are all slightly below solar Actually, 
these three stars are not very different from many other ob- 
jects listed in Tables^andl^] occupying the same temperature 
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Fig. 6. Upper panel: Be abundances as a function of effective 
temperature for the stars in our sample. No distinction was 
made between dwarfs and sub-giants. The 5 stars (4 dwarfs and 
1 sub-giant) with anomalous Be abundances are denoted by the 
filled circles (see text and Fig.0for more details). Lower panel: 
same as above, but for Li. 



most deficient star in our sample. Due to the chemical evo- 
lution of Be in the galaxy, this might imply that the origi- 
nal Be abundan ce was considerably lower than meteoritic for 
this o bject (e.g. 'Rebolo et al."l988; 'Boesga ard & Kindll993t 
iMolaro e t al. 1997: Boesgaard et al, 1999) - see also Garcia 
Lopez et al. (in preparation). Indeed, its Be abundance is per- 
fectly compatible with the one found for stars of its metallicity 
(e.g. Boesgaard et al..l999) . 

In any case, the three remaining dwarfs (HD4391, 
HD 20766, and HD 20807) clearly show that there seems to be 
an unexpected Be-gap for solar temperature stars, a region for 
which, at least in some cases. Be depletion is particularly se- 
vere. Some process capable of significantly increasing the mix- 
ing in the stellar interior seems to have played some role, and 
produced the observed scatter in the Be abundances. This pro- 
cess may be related to the possibility that different pre-main- 
sequence rotational histories may exist for different stars of 
similar mass, age, and metallicity (see e.g. Barnes 2003;). 

Finally, it is interesting to see that HD 20766 and 
HD 20807, two stars of the known wide visual binary system 

and C,"^ Ret (with similar radial velocities and proper mo- 
tions), are the two most Be-poor stars among the four objects 
discussed above. This fact could hint that a bona-fide explana- 
tion (although unlikely) for their very low Be abundances, is 
an abnormally low initial Be content. Curiously though, these 
star s have previously beeri noticed to be somehow abnormal 
(c.f. lDa Silva & Fovll987HRocha-Pinto et alJ2002l) . 



Table 3. Data for HD 4391, HD 20766, and HD 20807 (see text 
for more details) 

Star Smw B -V Age ¥7t v sin 
(Gyr) (days) (kms~^) 

HD4391 0.28"/0.26'' 064 L2 12 l72 

HD 20766 0.23''/0.26'' 0.64 1.6 14 1.98 

HD 20807 0.19°/0.23'' 0.60 2.1 13 1.74 
" Taken froml Henrv et alj<199a) ' 

Derived using CORALIE spectra iSantos et alj2OO0h 

Taken from the Hipparcos catalogue ( ESA"1997^ 

Derived from the w idth of the CORALIE cross-correlation function 
JSantos et alj2002lj) 

regime (including our Sun; good examples are HD 38858 and 
HD 189567^) but having "normal" Be abundances. 

HD 4391, HD 20766, and HD 20807 only have upper-hmit 
estimates for the Li abundance, making it difficult to compare 
the Li/Be ratios (see Fig.|6j lower panel). 

For HD 1 14762, however, the Li abundance is quite high 
(log -/V(L«)=2.20), which poses the problem of explaining how 
this star has become fairly depleted in Be (by a factor of 
~4, if we suppose that the original Be abundances was simi- 
lar to the one found in meteorites) while keeping so much Li 
in its atmosphere (compared to the meteoritic value of 3.31, 
[Anders & Grevesse (1989), it is depleted by a factor of 12). 
However, one must take into account that HD 1 14762 is the 

^ These two stars also have similar or lower chromospheric activity 
levels, implying similar or higher ages. 



5. Sub-giants 

Six stars in our sample have a position considerably above the 
HR diagram (see Fig.|5}- These objects are probably sub-giants, 
stars that are already evolving out of the main sequence. During 
this process, the convective envelopes of the stars deepen, and 
the light-element abundances can suffer considerable deple- 
tion/dilution. It is thus wise to treat these cases separately from 
the other stars (dwarfs). 

In Fig.|9]we present a plot of the Be and Li abundances 
as a function of effective temperature, calling the attention to 
the position of the sub-giants in the plot (filled circles) - see 
also Fig|8] As a general comment, these stars do follow the 
general trend of Be vs. TeS observed for dwarfs. Let us discuss 
these cases in more detail, separating these sub-giants into four 
groups, as follows. 

HD 27442 and HD 38529. These two stars (both planet- 
hosts - Paper A, with [Fe/H]>0.21), with very different tem- 
peratures, both have depleted their Li and Be abundances; only 
upper limits of these were derived, making it impossible to ex- 
plore their Li/Be ratios. HD 27442 is amongst the lowest tem- 
perature stars in our sample. Its position in the Be vs. Tcs di- 
agram follows the main trend. On the other hand, HD 38529 
lies in the Be gap for solar-temperature stars discussed in the 
previous section, suggesting that the same mechanism that was 
able to deplete Be in the dwarfs that are in this temperature in- 
terval may also have played some role here. Curiously, these 
are the two sub-giants wi th the lowest absolu te magnitude in 
the HR diagram of Fig.BI l^imas et aP ( Il998h have identified 



N.C. Santos et al.: Be anomalies in solar-type field stars 



11 



X 

3 



0) 
N 



0.8 



0.6 - 



0.4 



0.2 



- 




1 - 



HD38529 (5674K) 

H \ \ \ \ h- 




1 



HD23249 (5074K) 

I I I I I 



HD117176 (5560K) 

H \ \ \ \ \ \ 




HD168443 (5617K)- 



3130 



3131 



3130 



3131 



A(A) 



Fig. 8. Spectral syntheses (continuous lines) and observed spectra (points) in the Be II line region for four of the stars discussed in 
Sect.|5l In all panels, the upper and lower syntheses were done with a log N{Be) of 1.42 (meteoritic) and —10.0 (essentially no 
Be), respectively. The three other spectral syntheses for HD 23249 correspond to Be abundances of 1 . 15, 0.65, and 0. 15 dex, while 
for HD 38529 these coiTespond abundances of 0.80, 0.35, and -0. 10. For HD 1 17176 and HD 168443 the three intermediate fits 
correspond to the optimal fit and to fits with abundance variations of ±0.20 dex. 



a sub-giant (HD 160617) in the same temperature regime as 
the objects discussed in Sect.|4]that is Li normal, but Boron 
and possibly Be depleted. Given the low metallicity of this 
star ([Fe/H]=— 1.8), however, the authors have proposed that 
the observed trend has to do with the low Boron and Be abun- 
dances existent in the Galactic region where (and when) this 
star was formed. In general, none of the stars mentioned above 
seems to defy light-element depletion models, in the sense that 



their light-element depletion pattern is consistent with Li being 
burned faster than Be. 

HD 10697 and HD 117176. These stars, both planet-hosts, 
seem to have preserved both their Li and Be abundances. 
However, if on one hand they present "normal" Be abundance, 
their Li abundances are much higher than typically found for 
stars of their temperature. An extensive discu ssion of these two 
stars was already done in lSantos et alJ ( l2002ai) . The most con- 
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Fig. 9. Upper panel: Be abundances as a function of effective 
temperature for the stars in our sample. The 6 sub-giant stars 
are denoted by the filled circles. Lower panel: same as above, 
but for Li. 



vincing explanation found is that these two objects have just 
left the main sequence, where they were hotter than they are 
now, but that there has not yet been time for their Li (and Be) 
to become strongly depleted. Indeed, a look at Fig|9l shows 
that dwarfs that are merely 250 K hotter are able to maintain 
high levels of Li and Be in their atmospheres. Alternative ex- 
planations for the observed trend imply a scenario of plane- 
tary material engulfment, or that the Li and Be "excesses" ob- 
served are due to a dredge up effect from a " buffer" below the 
former main sequence convective envelope d Pelivannis et al.l 
Il990l) . It should be mentioned, however, that this latter sce- 
nario doesjiot_seem_tobe supported by current observations 
re.g. lRandichet al .''l999^. For a more thorough discussion we 
point the reader tOjSantos et al. (2002a). 

HD 168443. This sub-giant is probably the least evolved 
star amongst these 6, as attested by it surface gravity value of 
log (7=4.22, and the relatively small height above the main se- 
quence (see Fig.|5}. Its position in both the Li and Be vs. Tes 
plots is that expected for stars of its temperature. Curiously, its 
position in the HR diagram of Fig.lsjis very similar to those 
of HD 10697 and HD 1 17176, although the three stars present 
quite different Be abundances. 

HD 23249. This "single" star (not known to have any 
planetary companion), one of the coolest and most evolved 
(logg=3.77) objects in our sample, is probably the most 
enigmatic case. Although its Be abundance is clearly low 
(only an upper limit was found - see also Fig|8|i, its Li content 
seems to be particularly high for its temperature, and a clear Li 
detection was possible for this star (see Fig. llOt . Considering 
the upper limit derived for the Be abundance log A^(i?e)=0. 15, 
and the value of log N {Li)=\.\A, this star is depleted in Be by 



Fig. 10. Observed CORALIE spectrum of HD 23249 in the re- 
gion near the Li6708A line (points) together with 3 spectral 
syntheses for abundances of log A^(ii)=1.14, 1.24 (best fit) 
and 1.34dex. The spe ctral syntheses were done using the de- 
tailed line list used in'israeli an et a D ll200lh . The small incon- 
sistencies in the fit are probably due to the low temperature 
of this star, while the line list was optimized for the Sun. The 
strength of the Li line together with the quality of the line list 
used gives us a guarantee that the observed line is indeed due 
to Li and not any other element. 

at least a factor of 13 (considering an initial Be abundance of 
1 .26 - see above), and its Li is depleted by a much larger factor 
of 150, considering i nitially a meteoritic Li abundance of 3.31 
jAnders & Grevessdll989.) . For this case to be consistent with 
the expected light-element depletion pattern, the existence 
of Li in this cool (old) sub-giant leads us to suppose that a 
process similar to the one discussed above for HD 10697 and 
HD 117176 has occurred, which is more difficult in this case, 
since this star is much cooler. An alternative possibility to 
explain the observed abundances would be to consider that 
the Li "excess" observed is due to a dredge up effect from a 
"buffer" below the former main sequence co nvective envelope 
jDelivannis etai]ll99(A liandich et alJll999() . or to the accre- 
tion of metal-rich material into the convective envelope of this 
star At this moment the results are not conclusive, and the star 
remains enigmatic. 



6. "Li-rich" dwarfs and simultaneous Li and Be 
depletion 

In Fig.[TT]there are 4 dwarfs (HD 36435, HD 43 162, HD 43834, 
and HD 74576) with effective temperatures below 5700 K, that 
have measurable Li abundances, and clearly fall off the main 
trend (see also Fig. ll2t . 
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Fig. 12. Spectral syntheses (continuous lines) and observed spectra (points) in the Be II line region for the four stars discussed in 
Sect.|6l In all panels, the upper and lower syntheses were done with a log N{Be) of 1.42 (meteoritic) and —10.0 (essentially no 
Be), respectively. Except for HD 74576, the three other spectral syntheses correspond to the optimal fit and to fits with abundance 
variations of ±0.15dex. For HD 74576, these three intermediate fits correspond to the optimal fit and to fits with abundance 
variations of ±0.30 dex. 



To investigate their status we have tried to derive their 
ages from measurements of the chromospheric activity S index. 
Values of S were found in the literature for HD 364 35 (S=0.40) 
HD 43834 (S=0.18), and HD 74576 (S=0.74) ("Henr v et alJ 
[l996) . For HD43162 we have derived S=0.41, on the Mount- 
Wilson scal e, based on CORAL IE spectra using the procedure 
described in lSantos et alJ (l2000l) . These values imply ages be- 



low 1 Gyr for all the stars ( iHenrvet al.lll996l) . with the excep- 
tion of HD 43834. 

The S index derived by iHenrv et"aD ll 19961) for this latter 
dwarf is based on one single measurement, while from 8 dif- 
ferent CORALIE spectra we have derived a higher value of 
S=0.33, a value implying an age below <1 Gyr (for HD 36435 
and HD 74576 our CORALIE spectra give S values of 0.49 
and 0.69, respectively, compatible with the results derived by 
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Fig. 11. Beryllium (upper panel) and Li (lower panel) abun- 
dances as a function of effective temperature for the dwarfs in 
our sample. The 4 dwarfs with effective temperatures below 
5700 K that fall outside of the trend in the Li vs. Tcff plot are 
denoted by the filled circles. 

iHenrvet alJlll996l) V However, doubt is also cast on the young 
status of HD 43834 a s a young star by its X-ray luminosity 
(Lx=2.8 10^7 erg s-i - iHuenschet al]ll998l) . a value not char- 
acteristic of a young object. 

A look at Table[l] also reveals that the other three stars 
have projected rotational velocities above 3.5 km s^^. In other 
words, except perhaps for HD 43834, these objects seem to be 
quite young, which probably justifies their higher than average 
Li contents. 

HD 43834 thus probably remains the only problematic 
case. If it is an "old" star, how can we explain that at ^5600 K 
it still has some Li in its atmosphere, clearly failing to follow 
the trend of the remaining dwarfs of its temperature? A pos- 
sible explanation would be that this star has recently engulfed 
planetary (Li-rich, and H-poor) material. However, at this mo- 
ment we do not have any possibility of confirming this. In any 
case, this star is not known to be orbited by any planetary-mass 
companion (see Paper A). Another possible (but probably less 
likely) explanation would be that the interstellar material from 
which this star was formed was particularly Li-rich. 

Curiously, inspection of Fig.^2™d Table[2tells us that all 
these stars already seem to have depleted some of their Be, 
while there is a slight impression that they may lie near the 
upper envelope of the log A^(i?e) vs. Toff trend (i.e. these stars 
may have burned less Be than their older counterparts). This 
seems to tell us that Be depletion in late-type dwarfs stars starts 
at early ages (i.e. before 1 Gyr). 

These four stars are thus good examples of cool dwarfs that 
have burned Be but still have large detectable quantities of Li 
in their atmospheres. A curious case among these objects is 



Fig. 13. Li and Be abundances plotted against each other. Only 
dwarfs are considered in this plot. Triangles represent stars 
with Tefr>6200K, open circles stars with 6000<Toff <6200K, 
dots objects with 5600<Toff <6000K, and crosses stars with 
Toff<5600K. 

HD 74576, the coolest and probably youngest star (based on its 
chromospheric activity) of the four. If its Li and Be contents 
are confirmed, Li is depleted by a factor of '^40, while Be is 
depleted by a factor of ^4, considering initial values for Li and 
Be of 3.31 and 1.26dex, respectively. The process responsible 
for this simultaneous Li and Be depletion might be sim ilar to 
the one found for F dwarfs (e.g. .Delivannis et al]ll997|) - see 
Sect.m 

7. Lithium vs. Beryiiium 

In Fig.ini we plot the Li and Be abundances against each other. 
For simplicity, only dwarfs were considered in this plot. The 
figure tells us that, overall, there seems to be a correlation be- 
tween the depletions of Li and Be, in the sense that stars that 
have depleted their Be have also strongly depleted their Li. This 
trend was indeed already clear from e.g. Fig.ll II 

In Fig.ll3ldwarfs in different temperature regimes are de- 
noted by different symbols. Triangles represent stars with 
Toff >6200K, open circles stars with 6000<TefT<6200K, dots 
objects with 5600<Tcfr<6000K, and crosses denote stars with 
Tcff<5600K. 

Excluding the first group of objects, which lies near the Li 
and Be gap for F stars and is clearly depleted in both Li and Be, 
we can see a clear progression in the Li/Be ratios as a function 
of temperature. For stars with 6000<Tcff <6200 K, depletion of 
Be has not occurred, while Li is moderately depleted (the par- 
ticularly high Be abundances for these stars might be also due 
to Galactic evolution effects, since these objects are on aver- 
age quite metal-rich - see Sect.|3}. Interestingly, there is some 
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hint of a correlation between Li and Be abundances for objects 
with temperatures above ~6000 K - see also e.g. Fig.^2 In the 
temperature regime between 5600 and 6000 K, we see a large 
dispersion in the Li abundances, while the Be abundances re- 
main very close to the primordial value. On the other hand, 
for temperatures below 5600 K, both Li and Be are clearly de- 
pleted. This temperature seems to mark the onset of strong Be 
d epletion in so l ar-tvpe stars. Overall, and as already discussed 
in lSantos et alJ(l2002all . the plot of Fig.[0]gives us information 
about the temperatures for which Li and Be depletion starts. 

Although almost all the stars agree with this picture, a 
few deserve particular comment. The three dwarfs discussed in 
Sect.0] all in the temperature range between 5600 and 5900 K 
- filled circles - (HD4391, HD 20766, HD 20807, and maybe 
also HD 1 14762), all fall clearly off the general trend in Fig.lTSI 
This result seems to indicate that some kind of non-standard Be 
and Li burning mechanism has occurred for these dwarfs and is 
responsible for the observed Be-gap for solar temperature stars. 

Three other objects, in the temperature regime below 
5600 K (crosses), also seem to be particularly Li-rich. These 
stars, HD 36435, HD 43834, HD 74576, were already discussed 
in Sect.|6l Except maybe for HD 43834, they are probably 
young stars, and as mentioned in Sect.|6ltheir abnormally high 
Li abundances are probably explained by their young ages. 
However, Fig.^lalso implies that Be depletion has already oc- 
curred for these dwarfs, and is particularly severe for the case 
of HD 74576 (the coolest of the stars discussed in Sect.|6j. This 
result strongly supports the conclusion that for very cool solar- 
type dwarfs. Be depletion occurs at high rates early during their 
lifetimes. 

Interestingly, the position of HD 36435, HD 43834 and 
HD 74576 in the Li vs. Be diagram (the three crosses with the 
highest Li abundances in Fig.ll3> are reasonably well aligned 
with the points representing stars with Tch >6000K (open cir- 
cles and triangles in the same figure). Although preliminary 
and based on three stars only, this might suggest that a similar 
mechanism may have been responsible for the depletion of Li 
and Be in both groups of stars. 

8. Concluding remarks 

In this paper we have analyzed the Be abundances for a large 
sample of field solar-type stars with temperatures in the range 
'^4800-6300K. This sample gives us the possibility to study 
the depletion of Be for dwarfs and sub-giants of different tem- 
perature. The major results obtained can be summarized as fol- 
lows. 

- A plot of Be as a function of Toff shows that the abun- 
dances of this light element have a maximum near 6100K, 
decreasing both towards higher temperatures (towards the 
already known Be-gap for F stars), and lower tempera- 
tures. This latter trend (see also Santos et al. 2002a), sim- 
ilar to the one found for Li (that also peak near 6100K), 
is particularly evident for temperatures below 5600 K. We 
have explored several possible biases that could lead to 
the observed behaviour, and found that none could sat- 
isfactorily explain it. We thus conclude that this result 



probably reflects a disagreement between the observations 
and the models dealing with Be depletion including rota- 
tional mixing mechanisms (e.g. IPinsonneault etalJll990t 
iDelivannis & Pin sonneault' '1993'). A solution may involve 
the inclusion of internal wave- driven mixing mecha nisms 
in the models (e.g. Montalba n & SchatzmanlEoOOl) . The 
fact that literature data for relatively young clusters do not 
seem do present the same clear trend might indicate that 
stars cooler than this value do deplete Be during their main- 
sequence evolution. 

- We have found 4 dwarfs (HD 4391, HD 20766, HD 20807, 
and HD 1 14762) and one sub-giant star (HD 38529), with 
temperatures between 5600 and 5900 K, that present par- 
ticularly low Be abundances, indicating the presence of 
some kind of a Be-gap for solar-temperature stars. While 
for HD 1 14762 this result can be explained as due to Be 
Galactic evolution effects (this star is reasonably metal- 
poor), for the other objects the low Be-abundances im- 
ply that some unknown extra-mixing process has occurred. 
This result is not predicted by any current Be depletion 
model. 

- A cool sub-giant (HD 23249) star was discovered for which 
only an upper limit for the Be abundance was measured, 
but that presents clearly detectable amount of Li in its 
atmosphere. We have no clear explanation for this, al- 
though some possibilities, like the accretion of planets, 
or the dredge-up of Be from a "buffer", may account for 
the observed Li and Be contents. Other sub-giants in our 
sample present "normal" Be abundances (they follow the 
general trend observed for dwarfs), although two of them 
(HD 10697 and HD 1 17176) also have particularly high Li 
values. 

- We have found four dwarfs with temperatures below 
5700 K with particularly high Li abundances, all pre- 
senting signs of Be depletion. At least three of these 
(HD 36435, HD43162, and HD 74576) are young, while 
another (HD 43834) is probably older than 1 Gyr, making 
its Li and Be content quite difficult to explain. For the three 
younger dwarfs, the "depleted" Be pattern suggests that the 
depletion of this light element occurs at early ages in the 
coolest solar-type dwarfs (this is particularly evident for 
HD 74576). A comparison of Li and Be abundances also 
suggests that the mechanism responsible for this depletion 
may be similar to the one found for the hotter (Tcff above 
-6100 K) F-dwarfs. 

- A comparison of Li and Be suggests that their abundances 
follow a clear progression. For stars with temperatures 
above '--^6200 K, these light elements are both depleted, in 
the well known Li and Be-gaps for F stars. A maximum 
in the abundances of Li and Be is found for temperatures 
between 6000 and 6200 K, although for Be this maximum 
may be due to stellar population bias in our sample. For 
cooler dwarfs Li is severely depleted, while Be may present 
a plateau down to a temperature of ~5600 K that marks the 
onset of severe Be depletion. 

These results seem to defy the current models of Be de- 
pletion in solar-type stars. In this respect, of particular inter- 
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est is the discovery of a class of severely Be-depleted solar- 
type stars, that form some kind of Be-gap, and the suggestion 
that Be burning does occur for dwarfs with temperatures below 
~5600 K. Although preUminary, our data also suggests that Be 
depletion may occur before or on the main sequence for stars 
in this temperature regime. To better understand the observed 
discrepancies it would be important to enlarge our samples, and 
to obtain precise Boron abundances for at least the most prob- 
lematic cases. 
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